The hydraulic turbine model is the key factor which affects the analysis precision of the hydraulic turbine governing system. This paper discusses the basic principle of the hydraulic turbine matrix model and gives two methods to realize. Using the characteristic matrix to describe unit flow and torque and their relationship with the opening and unit speed, it can accurately represent the nonlinear characteristics of the turbine, effectively improve the convergence of simulation process, and meet the needs of high precision real-time simulation of power system. Through the simulation of a number of power stations, it indicates that, by analyzing the dynamic process of the hydraulic turbine regulating with 5-order matrix model, the calculation results and field test data will have good consistency, and it can better meet the needs of power system dynamic simulation.
Introduction
As an important part of power system operation, the accuracy of the model is of great significance to the stability analysis of power system [1, 2] . In the simulation of power system, the mathematical model of hydraulic turbine and governing system is often simplified to improve the calculation speed [3, 4] , such as the use of linear model. The calculation error caused by the simplified model of the hydraulic system can be accepted for studying some problems, but not for the research for the long-term dynamic stability simulation of hydropower system, the stable simulation of fluctuation of surge shaft, the startup of turbine generator or sudden load rejection, and hydraulic-machine-electric coupling process simulation, and control and regulation problem into saturation and other nonlinear state; because of the incomplete data and the influence of the nonlinear conditions, the accuracy and reliability of the calculation are seriously affected, and it will even produce the unreasonable conclusions.
Therefore, it is necessary to analyze and study the mathematical model of hydraulic turbine governing system. In order to describe the nonlinear characteristics of hydraulic turbine, a simplified nonlinear model is proposed by IEEE. In this model, the turbine is simplified as a valve. Considering the influence of the rigid water hammer and the no-load flow on the turbine model, a simplified analytical model of nonlinear hydroturbine was obtained [5, 6] . This model has good accuracy in the case of small fluctuations, and the model has been widely used in the United States' western Power Consortium [7, 8] . In article [9] , an improved nonlinear model of turbine is derived based on the generalized basic equation of hydraulic turbine; the model is in good agreement with the actual data when analyzing the transient stability and damping of power system. Chang presented a hydraulic turbine model based on internal characteristics of turbine [10] . According to the specific parameters of the hydraulic turbine generator unit and the geometric structure and the movement rule of the control mechanism, the mathematical formula is deduced, and it has definite physical meaning. The simulation using the internal characteristic model has high accuracy with the actual data in the large opening, but it is difficult to measure the parameters of the hydraulic turbine structure [11] . The other methods are to deal with the comprehensive characteristic curve. Article [12] used the two-order differential equation model to describe the turbine system and used the least squares method to identify the parameters and orthogonal surface to fit the characteristics of hydraulic turbine. Good results are obtained in the case 2 Mathematical Problems in Engineering 
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of small fluctuations. The BP neural network is used to model the characteristics of the turbine, which improves the convergence of water hammer calculation [13, 14] . However, the commonly used method in the project is still the tabular interpolation of the comprehensive characteristic curve of the turbine [15, 16] , while the common interpolation of twodimensional table will cause derivative's discontinuity in the whole domain, which leads to increased number of iterations or even no convergence. In order to make up for the deficiency of the numerical table interpolation method in the calculation of turbine characteristic parameters, in this paper, the characteristics matrix is used to model the turbine, and the practical results of several projects are given.
Modeling Principle of Characteristic Matrix Method
For the convenience of calculation and discussion, it is assumed that the unit flow rate and the unit torque table of a certain type of turbine have been obtained, as shown in Table 1 . The data in the table represents the condition of equal opening lines and unit speeds, where is the opening, 11 is unit torque, 11 is unit discharge, and 11 is the unit speed of the point. By observing the data in Table 1 and combining with the characteristic curve of turbine, under a given opening , this paper can use −1-order polynomial to represent the unit discharge and the unit torque. For example, unit flow can be expressed as follows:
It is obvious that the polynomial coefficients about the unit speed are the function of the opening . The specific form is shown as follows:
For an opening, the coefficients can be expressed in matrix form:
Combining formulas (1) to (3), one has
For the convenience of presentation, use the following expressions:
−1 1
According to (4), one can get
For unit torque, the same can be obtained:
The matrix {( ) } × and {( ) } × is defined as the characteristic matrix of the unit flow rate and unit torque of turbine. The characteristic matrix terms in (6) and (7) can be calculated from the unit flow table and the unit torque table of the turbine curves. So the turbine characteristic matrix can be concluded by formulas (8) and (9) .
is speed, represents the diameter of the runner, and is current head. Through calculating the characteristic matrix, a matrix model of the hydroturbine is got.
At a certain time, according to turbine head and speed , the unit speed 11 can be calculated with (10) ; then combining the current guide vane opening, the unit flow rate and unit torque at any time can be quickly obtained by calculating the turbine characteristic parameters with characteristic matrix.
The above method can be used to solve the flow and torque at any time, but, in the calculation of the characteristic matrix, the method of selecting the points from the unit flow and torque table is limited. It can only obtain opening and unit speed and × corresponding points of unit flow rate and unit torque as the input of the arithmetic. In order to improve the flexibility of access points, the method is improved by taking formula (2) directly into formula (1) . A matrix equation of ( × ) × ( × ) is needed to obtain all the coefficients. Then the solution of each element of the characteristic matrix is seen in the following formula: 
Accordingly, this paper can use the same method to solve the characteristic matrix of unit torque. Using the improved method to solve the feature matrix can remove the restriction of the point selection. The required characteristic matrix can be calculated as long as the points are linearly independent. The mathematical model of the generator uses 1-order model; the transfer function is
In the formula, is the unit inertia time constant; is the generator load self-regulation coefficient. Tables 2 and 3 show that when the disturbance is large, the simulation results of the two models are quite different. First, the maximum frequency of 5-order matrix and prototype is obviously different with IEEE proposed turbine model. Besides, the simulation results using 5-order turbine matrix model coincide better with the prototype test results in the law of gate opening movement.
Simulation Results and

Case 2.
The main parameters of a hydropower station are as follows: rated head = 73 m, rated speed = 150 r/min, rated flow = 180.2 m 3 /s, rated power = 115 MW, actual operating head = 71.5 m, the maximum of the opening max = 34 mm (model), and water flow inertia time constant = 1.47 s. The governor model adopts the parallel PID microcomputer governor which is consistent with the actual governor control law and structure.
Initial condition is = 73 m and = 90 MW, with large net mode; the frequency disturbance is ±0.2 HZ.
Using the characteristic matrix to establish the 5-order hydroturbine matrix model, the simulation result of primary frequency regulation is shown in Figure 4 . The black line indicates the power of the prototype experiment result, and 0  20  40  60  80  100  120  140  160  180  200  220  240  260  280  300  320  340  360  380  400  420  440  460  480  500  520  540  560  580  600 Time ( Power (Kw)/frequency (Hz) Figure 4 : The power output using prototype and 5-order matrix models in primary frequency regulation mode after frequency disturbance. Power (Kw)/frequency (Hz) Figure 5 : The power regulation using prototype and 5-order matrix models in large net.
mode, and the range of load regulation is 0∼100%; the result of simulation is shown in Figure 5 .
From the cases, the 5-order matrix model has similar transition process and steady-state value to the prototype. So the 5-order matrix model can also coincide well with the prototype in the condition of the primary frequency modulation.
Conclusion
The characteristic of the hydraulic turbine has a strong nonlinearity with the change of the operating conditions. In this paper, the turbine characteristic is modeled with 5-order matrix, and the detailed calculation method is given. The simulation indicates that the method can represent the strong nonlinearity of turbine and has better convergence and fast calculation speed. The calculated result is well identical to the results of prototype experiment. So the model can be used in the calculation of the transient process of the hydraulic turbine governing system and the dynamic simulation of the power system. It can meet the needs of power system dynamic simulation and stability analysis better.
